Molecular assembly of weakly pi-stacking core-substituted naphthalene diimides (cNDIs) requires the participation of strong side-group interactions. Spatial confinement within a micellar core leads to locally elevated concentrations and reduced entropy that drives a rapid aggregation, often followed by a slower aggregate reorganization.
Self-assembly of molecular chromophores is a powerful and versatile strategy for designing functional nanostructures that exhibit fascinating electronic and optical properties, distinct from their molecular constituents. 1, 2 At the heart of self-assembly lies weak non-covalent interactions, 3 which to a large extent dictate the packing and relative orientation of the chromophores, 4 and thus determine the nature and the strength of electronic interaction between them. Pi-stacking is one such non-covalent interaction that has been widely employed in a host of self-assembled architectures. Being an interaction between molecular quadrupole moments, 5 pi-stacking is inherently weak. Only in a handful of cases involving extended pi-systems with large positive quadrupole moments, 6 is pi-stacking appreciably strong to guide a self-assembly.
Naphthalene diimides (NDIs) are a class of electron-deficient molecules that readily form pi-stacked aggregates with exceptional n-type semiconducting properties. 7 In contrast, core-substituted NDIs (cNDIs) with electron-donating groups are far less amenable to pi-stacking, owing to a drastically reduced quadrupolar moment. 8 Consequently, self-assembly of these chromophores usually requires a stronger side-group participation through solvophobic interactions or H-bonding, 9 in turn necessitating the need for appropriate functionalization of the parent chromophore. In the search for a general aggregation strategy for weakly pi-stacking chromophores, we shifted our focus from the molecule to its environment. While the importance of non-covalent interactions between chromophore and solvent molecules cannot be overstated, 10 the role of physical confinement in dye aggregation has not been adequately explored. 11 In this work, we demonstrate aggregation of weakly pi-stacking cNDIs within the hydrophobic core of a polymer micelle. Though the enthalpic gain associated with cNDI pi-stacking is poor, its physical confinement within the micellar core offers a two-fold advantage: there is a significant increase in the local concentration of the dye, along with a marked reduction in the total entropy such that even a small enthalpic gain can lead to spontaneous aggregation. Fig. 1a presents the molecular structures of the three model dye compounds under investigation. R-cNDI and 2R-cNDI are core-substituted NDIs with one and two amino groups, 12 respectively. Additionally, we included a symmetric perylene bisimide (PBI) as a reference compound, whose aggregation behaviour in solution is well documented. 6 All three dye molecules were designed to bear hydrocarbon side chains such that the dominant non-covalent interaction driving molecular aggregation was pi-stacking. ‡ The polymer, PMMA-b-PPEGMA consists of a hydrophobic poly(methyl methacrylate) (PMMA) block and a hydrophilic poly(poly(ethylene glycol) methyl ether methacrylate) (PPEGMA) block. Owing to its amphiphilicity, PMMA-b-PPEGMA spontaneously assembles in water into spherical micelles (B35 nm diameter) (see Fig. 1b ), wherein the PMMA block forms the hydrophobic core of the micelle and the PEGMA block forms the outer shell. Compared to low-molecular weight surfactant micelles, polymeric micelles are more stable, undergoing a slower rate of dissociation, 13 thus ensuring retention of dye molecules for a longer period of time. Dye encapsulation within the micelle was carried out by mixing a solution of the dye in non-aggregating ( Fig. S8 , ESI †) tetrahydrofuran (THF) with an aqueous suspension of pre-formed polymer micelles in 1 : 37 v/v ratio (see the ESI †). In the absence of polymer micelles, excess water causes a rapid and complete precipitation of the hydrophobic dye, as confirmed in a control experiment ( Fig. S9 , ESI †). However when co-dispersed with polymer micelles, a significant fraction of the dye remains in the solution phase, imparting a distinct colour ( Fig. S10 , ESI †). Fig. 1c -e present the optical absorption spectra of the dyes in THF vis-à-vis in an aqueous suspension of polymer micelles. We first take the case of the reference PBI ( Fig. 1c ); its absorption spectrum in THF is characterized by three vibronic peaks at 521 (0-0), 486 (0-1) and 455 nm (0-2), typical of a monomolecular PBI species. 6 Dispersing in an aqueous suspension of polymer micelles causes a distinct reversal in the relative absorbance of 0-0 and 0-1 vibronic features (A 0-0 and A 0-1 ), indicating a cofacial (H-type) aggregation of PBI molecules. The appearance of a new absorption peak at 544 nm suggests that PBI molecules are rotationally displaced with respect to each other in the aggregate. 14 An independent validation of H-type aggregation is also obtained from the fact that the characteristic photoluminescence (PL) of molecular PBI is replaced by a weaker, broader and red-shifted excimer PL ( Fig. S11 , ESI †). 6, 15 Clearly PBI, which has a strong propensity for pi-stacking, undergoes spontaneous aggregation in the presence of polymeric micelles. Prompted by this, we turned our attention to the weakly pi-stacking cNDI dyes. R-cNDI exhibits a very similar behaviour to that of the reference PBI. A comparison of its optical absorption spectrum in two different media (Fig. 1d ) shows a reversal in the relative absorbance of 0-0 and 0-1 vibronic features of the S 0 -S 1 band. 16 This along with the fact that the PL of R-cNDI is completely quenched in the presence of polymer micelles (Fig. S12a , ESI †), is consistent with an H-type aggregation. To elucidate the role of the molecular interaction of R-cNDI with the polymer vis-à-vis its physical encapsulation within the micelle, a series of control experiments were carried out (see Fig. S13 -S15, ESI †) in which interactions of R-cNDI (and 2R-cNDI) with hydrophilic PEGMA, hydrophobic PMMA and un-micellized PMMA-b-PPEGMA were studied. Our results show that molecular interactions between the cNDI dyes and the copolymer can neither stabilize the dye against precipitation in aqueous medium, nor can it promote any aggregation. Thus, the only way the dye could remain dispersed in the aqueous phase is by means of encapsulation within the hydrophobic core of the micelle (Fig. S16 , ESI †). Once encapsulated, the local concentration of dye inside the micellar core is high enough to assist pi-stacking/aggregation. Encapsulation of di-substituted 2R-cNDI within the polymer micelle gives rise to a significantly complex absorption spectrum ( Fig. 1e ) that cannot be rationalized in terms of a change in the relative absorbance of the vibronic features. Subsequent time dependent absorption spectroscopy indicates the presence of multiple aggregate species and complex aggregation pathways within the micelle. These observations are particularly remarkable in light of the fact that both R-cNDI and 2R-cNDI remain non-aggregated in strongly aggregating solvents such as methylcyclohexane, even at high concentrations (see Fig. S8b and d, ESI †) .
The steady state results presented so far demonstrate aggregation of weakly pi-stacking cNDIs by means of confinement inside polymer micelles. However, two aspects associated with the process warrant further investigation. The first one concerns the kinetics of encapsulation. It is evident that in a predominantly aqueous environment, dye encapsulation must compete with precipitation, a phenomenon that is both rapid as well as quantitative ( Fig. S9, ESI †) . The other issue pertains to the local environment within the micellar core and its effect on the exact nature of dye aggregation. The second point is particularly relevant in the case of 2R-cNDI that shows a surprisingly complex steady-state absorption spectrum. In order to gain a better insight into the dynamics of dye encapsulation and its subsequent aggregation we studied the temporal evolution of the absorption spectra of R-cNDI and 2R-cNDI. A solution of dye in THF was injected into an aqueous suspension of PMMAb-PPEGMA micelles (1 : 37 ratio), and immediately filtered through a 450 nm pore-size filter to remove any precipitated dye. The optical absorption spectrum of the filtered solution was measured at different time intervals to monitor the fate of the encapsulated dye. Fig. 2a presents the time-dependent absorption spectrum of R-cNDI. The t initial spectrum, one that is measured within 1 minute of dispersing the dye in the micellar suspension, presents the most striking results. Even in the initial stages of encapsulation, the extent of H-aggregation is nearly complete, as is evident from the A 0-0 /A 0-1 ratio. Over the course of next several hours, the absorption spectrum shows no significant change. It is indeed surprising that despite a low volume fraction of polymer micelles, a significant fraction of R-cNDI is so rapidly encapsulated within the micelle. Further, the fact that encapsulation of R-cNDI and its subsequent aggregation cannot be discerned separately, even at a lower concentration ( Fig. S17a and c, ESI †) and temperature ( Fig. S18a and b , ESI †), highlights the fact that the environment inside the micellar core is strongly favourable for aggregation.
In contrast to R-cNDI, the encapsulation of 2R-cNDI exhibits an interesting dynamics (Fig. 2b) . The t initial spectrum of 2R-cNDI is significantly different from and simpler than the corresponding steady state absorption spectrum. A quick comparison with the spectrum of the un-aggregated dye in THF (Fig. S19 , ESI †) reveals once again the characteristic signature of H-type aggregation: the A 0-0 /A 0-1 ratio decreases from the molecular value of 1.79 to 0.94. Quite expectedly, H-type aggregation is also associated with a complete loss of PL (Fig. S12b, ESI †) . Once again, a rapid encapsulation and subsequent aggregation of 2R-cNDI is achieved within the first minute of the experiment. However unlike R-cNDI, the initially formed H-aggregate of 2R-cNDI undergoes a gradual transformation over the next several hours. A cursory examination of the time-series reveals several interesting features: a distinct isosbestic point at 601 nm and a quasi-isosbestic region between 450 and 550 nm. The former indicates a one-to-one reorganization of the initial H-aggregate into a different, but well-defined aggregate species. A quantitative measure of this aggregate reorganization can be obtained from the A 0-0 /A 0-1 ratio, which increases from 0.94 to 1.65 over a period of 5 hours. In addition to this, a new absorption feature appears at 650 nm that progressively grows to become the new absorption maxima at longer time scales. Quite remarkably, an increase in the A 0-0 /A 0-1 ratio as well as the growth of 650 nm feature (A 650 ) follow an identical kinetics (Fig. 2c) , thus suggesting a common underlying cause, associated with the emergence of the reorganized aggregate. This allows us to decompose the absorption spectra of encapsulated 2R-cNDI, S exp (t), as a time-dependent linear combination of only two participating species (see the ESI † for details): the initially formed H-aggregate, S H = S exp (t initial ), and the reorganized aggregate, S R (Fig. 2d and Fig. S17 , ESI †).
S exp (t) = a H (t)S exp (t initial ) + (1 À a H )S R The spectrum of the reorganized aggregate can therefore be deduced from the experimental absorption spectrum. Our confidence in the self-consistency of above mentioned spectral decomposition comes from two observations: (a) S R calculated from individual S exp (t) spectra fully resemble each other at all times (Fig. S20a , ESI †), thus validating the participation of only two species, and (b) increasing absorbance of the reorganized aggregate (A 650 ) correlates perfectly well with its calculated fraction (1 À a H ) ( Fig. S20c, ESI †) . A red-shifted absorption maximum of S R along with an increased oscillator strength suggests that the reorganized aggregate has a J-type character. 16 § A considerably weaker, blue shifted (B551 nm) absorption feature indicates a small rotational offset between the stacked dye molecules, thus rendering the forbidden higher-energy transition of the J-aggregate partially allowed. Different supramolecular aggregation pathways are known to be critically dependent on parameters such as concentration (C) and temperature (T). 17 Once confined inside the micellar core, an elevated local concentration and reduced molecular degrees of freedom (rotational and translational) can effectively mimic a ''high C, low T'' situation, in which a kinetically stabilized H-aggregate is initially formed that gradually transforms into a more stable J-aggregate. Quite interestingly, the encapsulated 2R-cNDI aggregates also display very unique thermal characteristics. Temperature dependent absorption spectroscopy reveals their remarkable stability against thermal dissociation, up to 60 1C (Fig. S21, ESI †) , a temperature at which aggregates of several strongly pi-stacking PBI undergo significant disassembly. 18 This apparent thermal insulation offered by micellar encapsulation is also seen in our kinetics experiments ( Fig. S18c and d , ESI †) as the rates of encapsulation, aggregation and subsequent H-to J-reorganization (in the case of 2R-cNDI) steps remain unaffected by a change in temperature. Fig. 3 presents the steady-state absorption spectra of R-cNDI and 2R-cNDI dyes co-encapsulated (see the ESI † for details) within PMMA-b-PPEGMA micelles. Interestingly, the spectra can be reliably expressed as a linear combination of the individual steady-state absorption spectra of encapsulated R-cNDI and 2R-cNDI, with the latter showing about 30% reduced uptake. This suggests that aggregation of the encapsulated dyes proceed fairly independently (Fig. 3b ), resulting in a perfect self-sorting in the aggregate state. 19 We speculate that the observed selfsorting is an outcome of fast encapsulation followed by an equally fast H-aggregation kinetics discussed earlier, which precludes the formation of any mixed aggregate.
To conclude, we have demonstrated that spatial confinement offers a rapid and efficient strategy for molecular aggregation, particularly when intermolecular non-covalent interactions are too weak to accomplish the same. Local concentration and the entropy of the confined molecules are significantly different from those in solution, making it possible to realize unique geometries through different self-assembly pathways. The micellar core provides a significant degree of thermal stability/insulation to the encapsulated aggregates. Finally, fast aggregation kinetics allows a perfect self-sorting of aggregates.
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Notes and references ‡ London dispersion forces between the hydrocarbon side-chains are much shorter-range interactions (1/r 6 ) than pi-stacking (1/r 5 ) and are therefore, less likely to play a dominant role in the initial stages of selfassembly, when molecules are isolated and far from each other.
§ A coexistence of two kinds of aggregates within the tiny core of the micelle is likely to favour an efficient transfer of photoexcitation energy from the reorganized J-to H-aggregates, thus explaining a lack of PL from the former.
